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1. Introduction
Filament winding is known to be one of the most
economic and efficient methods for producing fiber-
reinforced polymer (FRP) structures such as pipes
and vessels. Pressure-retaining structures made from
FRP are becoming increasingly popular, and are
frequently considered as an alternative to conven-
tional metallic structures. Improved performance in
terms of high specific strength and corrosion resist-
ance can be achieved with FRP pressure structures.
However, the performance of these structures is
dependent on the diverse and sustained loading
conditions throughout their service life. It is there-
fore of great importance to understand their com-
plex material behavior and damage mechanisms
under different loading conditions and environmen-
tal effects.
In the design and application of composite pressure
piping, functional and structural failure mecha-
nisms must be considered [1–6]. In the case of func-
tional failure (e.g. leakage) the structure is unable to
contain the pressurized fluid, even though it is still
able to sustain the applied mechanical loading.
Structural failure (e.g. burst failure) is thus charac-
terized by the pipe’s inability to carry the applied
loading. These types of failure usually occur as sep-
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© BME-PTarate events, but can happen as concomitant dam-
age events depending on the applied loading situa-
tion. Functional failure is typically distinguished by
fluid weepage and wetting of the outer wall. Due to
fluid transmission through the wall, composite
pressure structures have restricted application with-
out any ancillary support medium (e.g. liner). Leak-
age is directly related to transverse matrix micro-
cracking which is characterized by a reduction of
composite stiffness as well as nonlinear stress-strain
behavior. Functional failure is known to occur when
transverse tensile loading normal to the fibers
exceeds a certain threshold value [6].
Thermosetting polymers such as epoxy with their
inherent brittleness are particularly prone to matrix
cracking. One possible route to enhance ductility of
thermosets is by dispersing rubbery phases inside
the polymer matrix, i.e. liquid rubbers [7–13], ther-
moplastic spheres [14, 15], core-shell particles [16–
18] and nanostructured block-copolymers [19–23].
Likewise, inorganic particles such as silica [7, 24],
alumina [24], glass beads [25] and nano-clay [18,
26–30] are also known to enhance the toughness of
the epoxy. Mechanism of epoxy toughening (i.e.
particle cavitation, matrix shear yielding, multiple
crazing, crack pinning and crack deflection) can be
as diverse as the multifarious reinforcements avail-
able [31]. Irrespective of the operative resistance
mechanism, the sole purpose of the dispersant is to
aid the deformation process for dissipating energy.
In FRP structures the presence of a fibrous rein-
forcement phase introduced additional complexity
to polymer toughening. It is peculiar that toughness
enhancements as observed in bulk polymers are not
always transferrable to the same extent to fiber
composite systems [32, 33].
Recently, polymer nanocomposites have become
the forefront of composite research. Polymer nano  -
composites are typically composed of a polymeric
phase with one or more reinforcing nano-scale
materials. Final properties of the resulting nanocom-
posites are dependent on the type of constituents
used, their morphologies, interfacial characteristics,
dispersion methods and preparation techniques.
The nano-clay I.30E used in this study is an organi-
cally modified hydrous aluminosilicate with a plate-
like structure, having an aluminum octahedron layer
sandwiched between silicon tetrahedron sheets.
Studies have indicated that optimum properties of
the resulting nanocomposite are obtained in an exfo-
liated structure, when individual silicate layers are
completely dispersed into the polymer matrix [34–
36]. The distance between the clay interlayer in the
polymer matrix depends on such properties as the
clay structure, curing agent, curing temperature and
time, viscosity and the type of resin. Block-copoly-
mers on the other hand have a structure consisting
of rather long sequences of different repeating units.
Commercially available M52N is an acrylic tri-
block-copolymer which consists of rigid and rub-
bery blocks. This type of block-copolymer easily dis-
solves in epoxy resin and self-assembles on the nano-
level due to the affinity between epoxy monomers
and polymethylmethacrylate (PMMA), and repul-
sion between the epoxy monomers and the middle
polybutylacrylate block (PBuA) [21, 22]. Various
studies have been conducted on block-copolymer
modified epoxy, most of which reported enhance-
ments in toughness and ductility in the modified
resin, while causing only minor reductions in stiff-
ness and strength [19–23]. Similarly, nano-clay
filled nanocomposites were found to increase tough-
ness as well [26–29]. In clay modified materials an
enhanced tensile strength and stiffness [26, 27, 34]
were usually also observed while ductility was
compromised.
The focus of the present study is to investigate meth-
ods for enhancing mechanical properties of the epoxy
matrix by incorporating nanoparticles into the mate-
rial system. The notion is to improve matrix tough-
ness by adding nanoparticles into the substrate mate-
rial to mitigate or prevent transverse matrix crack-
ing in filament-wound pressure-retaining structures.
With this intention in mind, two different types of
nanoparticles were investigated, i.e. inorganic clay
I.30E and organic tri-block-copolymer M52N. Sev-
eral epoxy-nanoparticle formulations were devel-
oped and used as the matrix material for filament-
wound composite piping. Morphology, mechanical
and fracture studies of bulk epoxy nanocomposites
were performed, and hybrid filament-wound epoxy
composite pipes were subjected to biaxial stress
testing.
2. Experimental procedure
2.1. Material system
The matrix material used in this study was EPON
826 bisphenol-A resin with EPI CURE 9551 non-
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formulations of Hexion Specialty Chemicals (Colum-
bus, Ohio, USA). The nanofiller used was Nanomer
I.30E, CH3(CH2)17NH3-MMT, which is an primary
alkylammonium ion modified Na-montmorillonite
(Na-MMT) from Nanocor Inc. (USA). The other
type of nano-phase material was an acrylic tri-block-
copolymer M52N [PMMA/DMA PBuA PMMA/
DMA] (where DMA stands for dimethacrylamide)
synthesized by Arkema Inc. (Philadelphia, Pennsyl-
vania, USA). The fiber reinforcement material was
basalt fiber KV12 supplied by Kamenny Vek (Dubna,
Moscow Region, Russia).
2.2. Epoxy nanocomposite formulation
Preparation and processing of epoxy nanocompos-
ites from resin, curing agent and nanofillers involved
such major steps as mixing, dispersion and degassing.
Prior to dispersion into the epoxy precursor, nano-
clay I.30E was dried in an oven at an elevated tem-
perature of 120°C for a period of 24 hours. After-
wards, the nano-clay was allowed to cool down to
room temperature. A specific amount of I.30E was
first introduced into acetone, and pre-swelling in
acetone was performed for six hours at room tem-
perature. The solution was then mixed with pre-
heated EPON 826 resin at 60°C by gentle stirring.
Acetone promoted migration of epoxy inside the
clay interlayer and also reduced resin viscosity. To
obtain the desired level of resin viscosity for effi-
cient ultrasonic mixing, the system temperature was
slowly raised to 80°C. A 300 ml mixture of nano-
clay and EPON 826 was subjected to sonication in a
glass beaker for eight hours. The Sonifier (Branson
model S-75) (Branson Ultrasonics Corporation,
Danbury, CT, USA) operated at 75 W power output
with 20 kHz output frequency. A step horn sonotrode
with a 12.7 mm tip diameter was used to transmit
ultrasonic energy. Sonication was followed by two
hours of mechanical mixing. Finally, the mixture
was degassed under vacuum until all excess acetone
was completely stripped off from the solution.
M52N copolymer was dissolved directly by gradu-
ally adding block-copolymer powder to the epoxy
resin at room temperature under steady mixing. The
temperature was then increased and held stationary
at 80°C until a homogenous solution and good opti-
cal transparency was observed. The dissolution time
varied with copolymer concentration.
A stoichiometric amount of curing agent was mixed
with the epoxy-nanofiller mixture at 60°C for five
minutes by a mechanical stirrer running at 900 rpm.
Formation of bubbles during curing agent addition
necessitated a degassing cycle to be performed for
10~20 minutes. Finally, the resin mixture was poured
into a stainless steel mold and cured at 120°C for
two hours. Representative techniques were fol-
lowed for epoxy nanocomposite formulations con-
taining 1, 2 and 3 wt% I.30E or 1, 3 and 5 wt%
M52N.
2.3. Hybrid nanocomposite pipe fabrication
Filament-wound basalt fiber/epoxy/nanoparticle
tubes were manufactured containing various con-
centrations of either M52N or I.30E. Hybrid fiber-
reinforced nanocomposite pipes were fabricated by
pulling five continuous basalt fiber strands from
their creels using a computer controlled WMS 4-
axis filament winding machine (McClean Ander-
son, Schofield, WI, USA). While en-route to the man-
drel, fiber strands were thoroughly impregnated
with epoxy-nanoparticle formulation contained in a
drum-type resin bath maintained at 30°C. Layers of
resin wet fiber material were wound successively
onto chrome-plated steel mandrels. Throughout the
manufacturing process a numerically controlled
tensioning system steadily applied 26.7 N tension to
each fiber strand. Curing of the specimens occurred
at 80°C for one hour and 120°C for 2.5 hours, fol-
lowed by cooling down to room temperature. For
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Figure 1. Tubular test specimenmechanical testing, a rubber bladder liner was
inserted inside each tubular specimen and the tube
extremities were reinforced with aluminum end
connections. The rubber bladder was designed to
enable the assessment of functional as well as struc-
tural failure in the same experiment [5]. Composite
pipes were also fitted with two strain gauge rosettes
aligned parallel and perpendicular to the tube axis.
All specimens had a [±603]T fiber architecture, an
inside diameter of 38.1 mm and a gage length of
90 mm. Figure 1 shows a test specimen with attached
aluminum end connections.
2.4. Microstructure study
X-ray diffraction (XRD) analysis of the clay nano  -
composites was carried out using a Rigaku Geiger-
flex 2173 (Rigaku Corporation, Tokyo, Japan) dif-
fractometer with a vertical goniometer. The system
is equipped with a Co tube and a graphite mono-
chromator to filter K-beta wavelengths. All tests
were run at 40 kV and 30 mA, and samples were
scanned between 2! = 1 to 30° changing the angle
of incidence at a rate of 0.008 2! s–1.
Thin sections (5~10 !m) of the epoxy nanocompos-
ite fracture surface were investigated by transmis-
sion optical microscopy (TOM). To prepare the thin
sections, nanocomposite blocks were first placed in
a Reichert Jung Ultra Microtome (C. Reichert Opti-
sche Werke AG, Vienna, Austria) and sectioned
with a diamond cutter. These sections represent an
area near the starter crack taken normal to the frac-
ture surface and parallel to the crack propagation
direction. The subsurface birefringent zone was
explored under bright field and between cross
polarizers using a Leica DMRXA microscope (Leica
Microsystems, Wetzlar, Germany) directly con-
nected to a Nikon DXM 1200 digital camera.
Representative samples of the cured nanocompos-
ites having a thickness of about 40 nm were exam-
ined with a Morgagni 268 (FEI, Hillsboro, Oregon,
USA) transmission electron microscope (TEM) at
80 kV. A Reichert Jung Ultra Microtome was again
used to make the thin specimens. Some of the nano  -
composite samples containing M52N block-copoly-
mer were allowed to stain overnight in 4% osmic
acid.
2.5. Mechanical testing of epoxy
nanocomposites
Stress intensity factors KI at failure of nanocompos-
ite samples under plane-strain conditions were
determined by three-point bending. The single edge
notch bend (SENB) geometry was chosen accord-
ing to the standard ASTM D5045 99, and testing
was performed on a MTS 810 (MTS Systems Cor-
poration, Eden Prairie, MN, USA) universal testing
machine with a crosshead speed of 0.2 mm/min.
Two methods were chosen to pre-crack specimens
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Figure 2. Pre-crack configurations: (a) blunt crack, (b) sharp crack [35]prior to testing. A razor blade was inserted and
pressed down to a depth of 1 mm inside a machined
notch using the same MTS machine. This generated
a blunt crack as shown in Figure 2a. The second
method involved inserting and repeatedly tapping a
razor blade with a hammer into the machined notch,
which created a natural sharp crack (see Figure 2b).
The stress intensity factor was calculated according
to Equations (1–3):
                                                  (1)
with
                                                                 (2)
(3)
where P is the load at failure, B is the specimen
thickness, W is the specimen width, and " is the
overall crack length. In this study, stress intensity
factors of sharp pre-cracked specimens were con-
sidered to provide the fracture toughness KIC of the
composite.
Uniaxial tensile tests were performed according to
the standard ASTM D638 03 for the determination
of the tensile modulus, tensile strength and tensile
elongation at break of the neat epoxy and the nano  -
composite samples. Dog bone specimens were
mounted into the MTS 810 universal testing machine,
and tested at a constant loading rate of 4.5 N/s.
2.6. Fractographic study
Fracture surfaces of single edge notch bend speci-
mens were explored by a JEOL 6301F field emis-
sion scanning electron microscope (SEM) (JEOL
Ltd., Tokyo, Japan) at an accelerating voltage of
5 kV. This instrument allowed for nanostructure
evaluation with a high resolution of approximately
~3 nm. Before inspection, a conductive gold coating
was applied to the I.30E nanocomposite fracture
surface, while M52N modified epoxy fracture sur-
face was coated with chromium.
2.7. Mechanical testing of hybrid
nanocomposite tubes
Prior to mechanical testing of the hybrid fiber-rein-
forced nanocomposite pipes, fiber volume fractions
were determined by resin burn-out tests, and nomi-
nal wall thicknesses were also calculated [6]. Corre-
sponding data is summarized in Table 1. Tube sam-
ples made with M52N and I.30E exhibited, for the
most part, decreasing fiber volume fraction with
increasing nanofiller content. The reverse trend
resulted for the wall thicknesses, which increased
with rising nanofiller content. An increase in resin
viscosity with nanofiller loading is assumed to have
caused this behavior.
Multi-axial testing of the pipe specimens was per-
formed by applying a monotonic 2-to-1 hoop-to-
axial stress loading ratio (‘pressure vessel loading’)
[2]. During each test a custom built multi-axial test-
ing machine maintained a constant biaxial stress
ratio by simultaneously applying internal pressur-
ization and axial traction. All tests were preformed
under load control conditions. A pressure intensifier
supplied hydraulic oil for specimen pressurization
at a rate of 4.63 kPa/s. Loading was continued until
ultimate specimen failure (i.e. structural failure). The
data acquisition system permitted recording of hoop
and axial strains, axial load and stroke, internal
pressure and pressure intensifier volume. Average
hoop and axial stresses were determined applying
thin-wall membrane theory according to standard
ASTM D2992 06. Hoop and axial stresses were cal-
culated according to Equations (4) and (5):
                                    (4)
     (5) sA5
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1
F
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Table 1. Fiber volume fraction and nominal wall thickness for fiber-reinforced nanocomposite pipes
Filler type
Filler matrix loading
0 wt%
(neat epoxy)
1 wt% 2 wt% 3 wt% 5 wt%
Fiber volume fraction [%]
M52N
66.8
66.0 65.9 65.2
I.30E 59.9 59.9 58.8
Nominal wall thickness [mm]
M52N
1.306
1.333 1.341 1.355
I.30E 1.472 1.472 1.499where D is the internal pipe diameter, t is the wall
thickness, pi and F are the internal pressure and
axial force applied to the pipe, and p0 is the atmos-
pheric pressure.
2.8. Detection of pipe failures
Quantification of previously mentioned failure
events was critical as this would typically standard-
ize the performance of the composite pipes for their
intended service condition. To identify functional
and structural failure events from the same test
setup, each pipe sample was fitted with the aforemen-
tioned internal rubber bladder, which enabled pres-
surization until catastrophic pipe failure. Prior to
testing the inside of a rubber bladder as well as the
annular volume in between the pipe and the bladder
were filled with hydraulic fluid. Pressurization
occurred from inside the bladder. In the course of
the experiment, the initiation, accumulation and
coalescence of matrix cracks provided pathways for
fluid to escape through the composite structure. In
this study, functional failure in the form of leakage
was characterized by a prescribed fluid loss volume
through the tube wall (i.e. a loss corresponding to
1% of the internal pipe volume). After a certain
amount of fluid loss from the annulus, the inflating
rubber bladder provides a seal inside the specimen.
Pressurization was continued until rapid loss of
fluid from the hydraulic system was ascertained
indicating pipe burst, i.e. structural failure.
3. Results and discussion
3.1. Microstructure study
The morphology of the layered silicate in nanocom-
posites was studied by wide-angle X ray diffraction
(WAXD). X-ray diffraction patterns of cured nano  -
composites for various clay loadings are shown in
Figure 3. Nanocomposites containing 1 and 2 wt%
I.30E clay did not produce any distinguishable dif-
fraction peak. In these nanocomposites the clay
architecture can therefore be interpreted as exfoli-
ated. Nevertheless, an intercalated structure cannot
be fully ruled out as the traces exceed the detection
limit of the WAXD (2! " 1°). Also shown in Fig-
ure 3 is the diffraction peak for a sample with
3 wt% clay, which shifted to the left implying that
the clays preserved their characteristic stacked layer
structure as tactoids with interlayer spacing d001 of
2.72 nm. From XRD traces the interlamellar dis-
tance of the pure organically modified clay I.30E
was estimated to be d001 = 1.9 nm.
The TEM micrograph of a clay nanocomposite
shown in Figure 4a displays partly exfoliated and
predominantly intercalated layered silicate struc-
tures having adjacent silicate layers 10~15 nm apart
from each other. Although most of the intercalated
nano-clays are in submicron size, a few agglomer-
ated micron size clay particles are also visible in the
TEM micrograph, as exhibited in the lower magni-
fication image of Figure 4b. In agreement with
Messersmith and Giannelis [36] it was assumed that
this type of aggregate formation is the result of
chemical interaction between the silicate layer and
the N–H group in the polyamine curing agent or
from the alkyl ammonium ion modifier of the nano-
clay. Figures 4c and 4d show randomly dispersed
20~30 nm spherical micelles of the block-copoly-
mers, which consist of a PBuA rubbery core sur-
rounded by a PMMA rigid shell [22]. Note that con-
sistent with the particle size of both M52N and
I.30E and the wavelength of visible light, the pre-
pared nanocomposite samples were optically trans-
parent.
Transmission optical microscopy allowed visuali-
zation of polymer deformation by identifying the
birefringence and voided zone underneath the frac-
ture surface. Assuming that a propagating crack
would leave behind traces of a subsurface damage
zone, TOM was employed to confirm the presence
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Figure 3. X-ray diffraction traces of pure I.30E and its
nanocompositesof the plastic zone. Figure 5 shows the existence of
matrix deformation or shear banding for both pre-
crack geometries under plane-strain condition. The
birefringent region in the sharp crack is mainly con-
fined in the process zone near the starter crack (see
Figure 5b), whereas for the blunt crack the birefrin-
gent region shown in Figure 5c traverses the whole
cross-section due to crack-tip plasticity. Dean and
coworkers [19, 20] and Hydro and Pearson [21]
reported similar subsurface localized matrix defor-
mation for block-copolymer (i.e. PEO-PEP, PMMA-
PBuA-PMMA) modified epoxy. TOM images taken
under bright field and also in cross-polarized light
conditions represent a toughened epoxy containing
1 wt% M52N. The size of the crack-tip plastic zone
can be estimated theoretically according to the Irwin
equation [7]. In a plane-strain condition, the Irwin
equation, i.e. Equation (6) yields the radius of the
plastic zone according to the following expression:
                                                 (6)
where ry is the radius of the plastic zone, KIC is the
plane-strain fracture toughness,  and the value of
the tensile yield stress #ys = 72.76 MPa was meas-
ured from uniaxial tensile testing. Theoretically
determined radii of the plastic zone are 7.52 and
80.04 !m for the sharp and blunt crack geometry
respectively. In terms of the linear elastic fracture
mechanics, the stress situation at the crack-tip can
adequately explain the damage behavior as observed
by TOM microscopy. In plane-strain condition, a
triaxial state of stress caused an intense stress field
at the sharp crack-tip, thereby imposing restrictions
ry 5
1
6p
a
KIC
sys
b ry 5
1
6p
a
KIC
sys
b
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Figure 4. TEM images of nanostructures in epoxy nanocomposites: (a) intercalated clay I.30E (high magnification),
(b) flocculated clay I.30E (low magnification), (c) spherical micelles of M52N block-copolymer without osmic
acid staining and (d) with osmic acid stainingon the plastic zone size. For the blunt crack-tip the
stress is distributed over a wider section (mimick-
ing a state of plane-stress) that contributed to the
formation of a relatively larger plastic zone. Later
in this paper it will be shown that these differences
in the stress field have a considerable effect on the
toughening mechanism of the modified epoxy.
3.2. Mechanical testing of epoxy
nanocomposites
Fracture toughness of the neat epoxy was estimated
to be 0.78 MPa·m0.5. In Figures 6 and 7 average stress
intensity factors of neat epoxy and its nanocompos-
ites are compared for the respective pre-crack
geometries. (Note that in the following, error bars
shown in graphs represent plus and minus one stan-
dard deviation for tests performed in triplicate or
greater; lines represent first or second degree poly-
nomial trend lines). It is shown that a sharp pre-
cracked nanocomposite containing 5 wt% M52N
yields an almost twofold improvement in tough-
ness, which reveals a direct contribution of block-
copolymer loading on fracture toughness. Pearson
and Yee [12, 13] observed cavitation induced plas-
tic deformation for rubber toughened epoxy, and
Wu et al. [23] described a similar crack resistance
phenomenon for nanostructured (micelle) block-
copolymer modified epoxy. The present authors
also observed similar phenomena during the frac-
ture process. Hydrostatic tension ahead of the sharp
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Figure 5. TOM images of epoxy block-copolymer nanocomposites: sharp pre-cracked fracture surface examined under
(a) bright field, (b) cross-polarized light and (c) blunt pre-cracked surface under cross-polarized light
Figure 6. Critical stress intensity factor of nanocomposites
relative to M52N block-copolymer concentration
Figure 7. Critical stress intensity factor of nanocomposites
relative to I.30E nano-clay concentrationcrack-tip caused cavitation of the rubbery core of
the block-copolymer resulting in localized shear
deformation of the epoxy matrix; both are energy
absorption mechanisms. In the case of blunt cracks
only a minor enhancement in critical stress intensity
became obvious (see Figure 6), which is assumed to
be the effect of crack-tip plasticity evidenced by a
large deformation zone shown in TOM microscopy
in Figure 5c. Thus, without any discernible distinc-
tion in fracture energy between the block-copoly-
mer modified epoxy and the neat epoxy the behav-
ior with a blunt crack practically resembles tensile
fracture. Subramaniyan and Sun [29] documented an
equivalent effect of crack-tip zone plasticity in their
study of organoclay and core-shell rubber tough-
ened epoxy.
As presented in Figure 7 the behavior of nano-clay
modified nanocomposites was rather different. For
instance, only marginal or no improvement in frac-
ture toughness was achieved for nanocomposites
with 2 wt% I.30E and a sharp crack, and for sam-
ples with a blunt crack a moderated drop in fracture
energy of up to 10% was observed. According to
Zilg et al. [26] and Zerda and Lesser [27], a mostly
intercalated structure rather than an exfoliated nano  -
composite improves toughness by exposing addi-
tional surface area during the crack propagation
process. However, clay nanocomposites prepared in
this study behaved differently, primarily due to par-
tial exfoliation of the nano-clay, and secondly,
because of the relatively small size of the interca-
lated nano-clay. It will subsequently be shown (i.e.
in Figures 10b and 10c) that most of the particles
are indistinguishable on the micron level, indicating
a rather uniform distribution of submicron size par-
ticles. The ultrasonic mixing process is considered
to be the cause for the break down of clay agglom-
erates into the submicron size. It is well recognized
that particle size, shape and structure significantly
affect the fracture process in particulate reinforced
polymers. In the subsequent section of this paper,
micromechanisms are further explored and dis-
cussed in light of the insignificant effect of nano-
clay on fracture toughness.
Tensile moduli of the neat epoxy and the nanocom-
posites are shown in Figure 8. In the case of acrylic
block-copolymer modified epoxy, the modulus
slightly decreased in response to increasing M52N
concentration. A decrease of about 5~10% was
observed for the range of M52N concentrations
studied. Nanocomposites made from 1 wt% layered
silicate I.30E resulted in more than 16% enhance-
ment in stiffness compared to pure epoxy; moduli
were increased even more for higher nano-clay
loadings, which is in agreement with the findings of
Lan and Pinnavaia [34]. Exfoliated clay platelets
with 1 nm thick silicate layers having high in-plane
bond strength and large surface area were expected
to greatly improve mechanical properties of the
nano  composites [34]. The present study substanti-
ated this notion as even predominantly intercalated
nano  composites generated significantly increased
epoxy stiffness; to a certain extent, the intercalated
particles of relatively small size caused a stiffening
effect similar to that of exfoliated nano-clays.
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Figure 8. Tensile modulus of nanocomposites with respect
to nanofiller loading
Figure 9. Tensile strength of nanocomposites with respect
to nanofiller loadingFigure 9 correlates tensile strength of the nanocom-
posites with their corresponding nanofiller load-
ings. Notably, strength remained mostly unaffected
by the block-copolymer addition, which is contrary
to the common intuition about rubber modified
thermosets [13, 14]. Possible reasons for this behav-
ior are the nano-scale dispersion and greater com-
patibility of M52N block-copolymer towards epoxy.
Addition of 1 wt% I.30E nano-clay in the matrix
caused a slight increase in tensile strength but for
higher nano-clay loadings a minor decrease was
recorded.
3.3. Fractographic study
SENB fracture surfaces of the neat epoxy and its
nanocomposites were extensively studied using
SEM microscopy, see Figures 10 and 11. An arrow
displayed in these micrographs indicates the crack
propagation direction. The neat epoxy fracture sur-
face was found to be flat and smooth, which is char-
acteristic of brittle fracture behavior in a homoge-
nous material. Relative to the unmodified epoxy,
the extensively rough surface morphology of the
nano-clay filled epoxy evidences repeated perturba-
tion of the crack front from its original propagation
path due to the presence of intercalated clay. Fea-
tures shown in Figure 10b are consistent with bifur-
cation and/or deflection of the primary crack into
multiple secondary cracks which are not necessarily
coplanar [25]. Most of the clay tactoids shown in
the micrographs are in the submicron size, but it is
evident that a small fraction of particles were as
large as ~10 !m. Due to the mostly small particle
size and an apparently lower interparticle distance,
deflected crack paths intersecting with each other
generate a severely textured surface morphology as
shown in Figures 10b and 10c, even though the clay
concentrations were different for these nanocom-
posites. No indication of interfacial debonding
between the epoxy network and the clay structures
was discernible, suggesting excellent interfacial
interaction. The morphology of the fracture surface
also discounts the occurrence of effective crack pin-
ning mechanisms. As reported in [25, 31], crack
deflection mechanisms are not an efficient source
of toughening, which correlates well with the rather
insignificant toughening effect of the nano-clay.
In Figures 11a and 11b, acrylic block-copolymer
modified epoxy exhibits a plane and featureless
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Figure 10. SEM images of nanocomposite fracture sur-
faces: a) neat epoxy, b) 1 wt% and c) 2 wt%
I.30E nano-clay modified epoxycrack surface with considerable epoxy-rich regions.
Also evident in the same pictures is nanoscopic sur-
face roughness. It appears that cavitation of the spher-
ical micelles occurred during the fracture process,
which is substantiated by the presence of minute
spherical cavities with approximately ~20 nm size
that are randomly dispersed in the polymer matrix.
As mentioned previously, the cavitation process is
considered to have initiated localized shear yielding
of the matrix causing substantial dissipation of
energy as evidenced by excellent improvements in
fracture toughness [21, 23].
3.4. Mechanical testing of hybrid
nanocomposite tubes
It is a common inference that transverse matrix
cracking initiates near or at the fiber-matrix inter-
face and then transmits through the resin matrix.
Matrix cracks usually initiate at very low global
strain levels due to high strain concentrations near
the fiber resulting from the elastic discontinuity at
the interface [1, 37]. Figure 12 depicts the influence
of nanofiller loadings on maximum hoop strain,
which usually is congruent with the leakage point at
this loading ratio. Maximum hoop strain of the
unmodified epoxy pipes was measured to occur at a
mechanical strain of approximately 2400 µ#. For a
5 wt% M52N loading an increase in leakage failure
strain of about 30% was observed. M52N signifi-
cantly enhanced leakage failure strain and at the
same time reduced stress non-linearity. These
results correspond to those reported by Sjögren and
Berglund [10, 11], who demonstrated a significant
increase in transverse cracking strains as a direct
consequence of the modifier concentration. Con-
versely, for nano-clay modified pipes the leakage
failure strain remained practically unaffected, and a
maximum of 10% increase in strain was observed
for 3 wt% nano-clay in the matrix.
Failure stresses of hybrid fiber-reinforced nanocom-
posite pipes are summarized in Figures 13 and 14.
The graph for M52N block-copolymer filled epoxy
reveals that the hoop stress at leakage increased by
only 4% with the addition of 1 % M52N (Figure 13).
For the remainder of block-copolymer concentra-
tions a less pronounced effect on leakage strength
was noticed, and a simultaneous decrease in leak-
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Figure 11. SEM images of M52N block-copolymer modified epoxy fracture surfaces at: a) low magnification and b) high
magnification
Figure 12. Maximum hoop strain of hybrid nanocomposite
pipes as a function of nanofiller loadingage and burst strength was observed for 5 wt%
M52N. Test data for tubes made with I.30E modi-
fied polymer showed that the nano-clay imparted
significant reductions in both the leakage and burst
failure strengths (Figure 14). In summary, failure
strength reductions were strongly correlated with
I.30E loading, whereas strength values remained
relatively stable when the polymer matrix was rein-
forced with M52N block-copolymer.
For pipes made with pure epoxy it was observed
that transverse cracks initiate at low global strain in
zones of high fiber packing followed by sudden
unstable crack growth. Crack initiation likely
occurred by adhesive debonding at the fiber-matrix
interface where local strain concentrations are high.
Transverse cracking associated with interfacial
debonding was observed by various researchers [10,
11], and others have described the instantaneous
crack propagation phenomenon [38, 39]. In the case
of block-copolymer modified epoxy, the enhanced
matrix ductility caused a build-up of strain energy
until the sudden release of this energy resulted in
initiation and subsequent crack propagation. It
appears that matrix toughness significantly affected
crack initiation and/or debonding processes due to
improved polymer ductility. Delayed debonding
may also be the outcome of better interfacial adhe-
sion between the fiber and the matrix [11], possibly
due to a sizing effect of the [PMMA/DMA-PBuA-
PMMA/DMA] block-copolymer on the basalt fiber
material [40]. As a consequence, increased strains
at leakage failure were observed. However, the influ-
ence of M52N block-copolymer addition on the
amount and/or extent of cracking was insignificant
as evidenced by only minor improvements in leak-
age failure stresses. It is assumed that restrictions
imposed by adjacent fibers on the crack-tip plastic
zone affected the propagation of transverse cracks,
and also restricted the ability of the spherical
micelles to cavitate and cause matrix shear yield-
ing. It has been reported that in a fiber-polymer
composite, fibers appear to constrain the crack-tip
deformation zone [32]. This effect is more pro-
nounced in a toughened polymer than in a brittle
matrix. As a result, the development of matrix crack
networks and associated fluid leakage was not
diminished anywhere near the extent that one may
have expected based on fracture toughness improve-
ments in pure block-copolymer modified epoxy
resin.
Influenced by congruent trends between composite
pipe leakage strengths and fracture energies ascer-
tained for nanocomposite samples with a blunt
crack, it was hypothesized that transverse matrix
cracking in filament-wound pipes, which includes
both the initiation and propagation of micro-cracks,
resembles tensile fracture behavior in a brittle matrix
material. As discussed by Subramaniyan and Sun
[29] it appears that fracture behavior associated
with propagation of blunt cracks is dominated by a
stress concentration factor and not a stress intensity
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Figure 13. Hoop failure stress of hybrid nanocomposite
pipes as a function of M52N block-copolymer
loading
Figure 14. Hoop failure stress of hybrid nanocomposite
pipes as a function of I.30E nano-clay loadingfactor at failure. It is postulated that to some extent
these mechanisms were effective in the case of
block-copolymer modified epoxy pipes. Further
studies are underway in support of this statement,
and interlaminar fracture toughness, microscopy
studies and interface effects will be discussed in
subsequent publications.
For the nano-clay modified epoxy material it was
concluded that the presence of few flocculated clay
particles provided an uneven distribution of stress
concentration points throughout the epoxy matrix
(see Figure 4b), which supposedly acted as initia-
tion sites for transverse matrix cracks [18]. Consid-
ering that the leakage phenomenon is dominated by
crack initiation events rather than crack propagation
(of a dominant crack), and due to enhanced stress
fields resulting from the interaction of clay aggre-
gates and the applied loading, leakage strength of
the composite pipes was degraded. Substantial matrix
cracking further caused reduced structural strength.
In the presence of a weakened fiber-matrix load-
sharing mechanism, fibers failed at their weakest
points at reduced global load levels. The degraded
matrix also allowed fibers to realign along the
direction of the resulting force, thus imposing addi-
tional loading upon the fibers.
4. Conclusions
Visual inspection of functionally failed fiber-rein-
forced composite pressure pipes commonly reveals
multiple aligned, nearly homogenously distributed
cracks, which form numerous interconnected fluid
pathways from the inner to the outer pipe surface.
The majority of these cracks are oriented parallel to
the fiber direction with crossover undulation points
indicating delimitation of the laminates. The com-
mon intuition about transverse matrix cracking is
that it is the consequence of stress acting transverse
to the fiber direction. For the fiber orientation
selected in this study, it is presumably the axial ten-
sile load which is predominantly responsible for
transverse matrix cracking of the composite pipe.
Based on these observations the notion was to rein-
force the relatively brittle epoxy matrix with a
nano-particulate phase with the intent to mitigate
the progression of micro-cracks. Yet, the intended
reinforcement effect could not be realized, despite a
considerable improvement in fracture toughness for
one type of the tested nanocomposite system.
Modification of epoxy with tri-block-copolymer
M52N rendered significant improvements of epoxy
toughness by a process of particle cavitation and
localized shear deformation of the matrix. In con-
trast, I.30E clay exhibited almost negligible influ-
ence on epoxy toughness, where the fracture prop-
erties of the nanocomposites are dictated by the
exfoliated and intercalated morphology of the clay.
It was hypothesized that the transverse cracking
process for fiber composite pipes made with M52N
block-copolymer toughened epoxy begins with pro-
longed straining followed by fiber-matrix interfa-
cial debonding and immediate crack propagation.
Crack progression was also effected by alteration of
the crack-tip stress field by adjacent fibers. In case
of the I.30E nano-clay modified epoxy pipes, trans-
verse matrix cracking was further accelerated in the
presence of micron size clay aggregates which
acted as stress concentrators. Even though leakage
failure strain improved moderately for some of the
hybrid nanocomposite pipes, these enhancements
proved insignificant for the leakage failure strength,
and the damage mechanism was found to practi-
cally resemble that of the neat epoxy composite
pipes.
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